Abstract: An electrically small metamaterial antenna is presented for ultra wide band applications. The proposed design provides a tunable frequency band with maximum efficiency and a bandwidth of approximately 7.7 GHz. Due to its compact size and simple structure, it can be employed in numerous wireless communication devices. The geometry of the antenna consists of a monopole ellipse radiator and a uniquely modified Electric LC (ELC) structure based on the concept of magnetic imaging at the boundary and provides dual frequency bands of 2.56∼3.68 GHz and 4.92∼6.82 GHz. The antenna is then fused with an Electromagnetic Band Gap (EBG) structure to increase impedance matching and provide an ultra wide band of 2.72 GHz to 10.46 GHz. Keywords: ultra wideband antenna, metamaterial antenna, electric LC (ELC), electromagnetic band gap (EBG) Classification: Antennas and Propagation 
Introduction
Over the past two decades, several advancements have been made in wireless communication technologies. In order to fulfill the increasing demands of todays wireless communication systems, there is a need of antennas with the ability to cover multiple frequency bands for various applications. Most of the portable communication devices (smart phones, tablets, etc.) need UWB antennas capable of integrating both Worldwide Interoperability for Microwave Access (WiMAX) and wireless local area network (WLAN). An efficient UWB design must provide compactness, minimized transmission power, high efficiency, and reduced interference with other systems. Recently, the use of metamaterials in UWB antenna design has increased [1] . Metamaterials are formed by fabricating materials in special shapes and geometries to obtain properties that are not originally found in nature. Different Metamaterial structures are used to provide small size miniaturized antennas with enhanced performance [2] . Complementary split resonant ring (CSRR) and zeroth-order resonator (ZOR) structures are implemented to provide tunable frequency triple band antennas [3] . The Electric LC structures, consisting of inductive metallic loops and a pair of capacitive metallic plates having a dielectric gap, greatly enhances the bandwidth of metamaterial antennas [4, 5] . Recently the use of Electromagnetic band-gap (EBG) structures has drawn a lot of attention to boost up impedance matching of antennas [4] and to extend the bandwidth of miniaturized printed antennas.
In this study, a unique electrically small metamaterial antenna capable of integrating both WIMAX and WLAN frequency bands into one ultra wideband is proposed. The antenna is obtained by first loading a monopole radiator with a uniquely modified ELC element. This antenna operates in dual frequency bands i.e., 2.56 to 3.68 GHz and 4.92 to 6.82 GHz. The antenna is further employed with an EBG to boost up impedance matching and provides an ultra wide band from 2.72 GHz to 10.46 GHz. The concept of magnetic imaging introduced in this paper can be used in more complex antennas to reduce complexity and cost to a great level.
Proposed antenna design
We propose to design and model miniaturized and highly compact metamaterial based UWB antenna. Fig. 1 shows the basic geometry and the dimensions of the proposed antenna. An ellipse shaped radiating element is constructed on a Taconic TLT-6 Lossy substrate having a thickness of 1 mm. The overall dimension of the proposed antenna is 35 Â 35 Â 1 mm 3 and the width of the ground plane is about 10 mm. The radiating element is excited by a 2.6 mm wide microstrip feed line having a reference impedance of 50 Ω. Fig. 1 (a) and (b) shows the proposed prototype of Antenna with ELC loading. The design starts by constructing a simple monopole radiator, where an ellipse shaped patch is used as the radiating element. This monopole provides two frequency bands i.e., 2.61 GHz-3.5 GHz and 6.08 GHz-7.14 GHz. In order to improve the bandwidth, a uniquely modified ELC element is loaded beneath the patch i.e., on the bottom surface of the substrate whose dimensions are
Loading the antenna with ELC
The ELC element loaded here is different from the conventional ELC elements as only one half of the ELC element is printed on the antenna substrate near the boundary. At the boundary, a magnetic mirror image of the ELC element is created which acts as its remaining half ( Fig. 1(d) ). In this way, complete action of ELC element is achieved using less copper and thus reducing overall complexity. This approach of magnetic imaging can also be used in more complex antennas to reduce complexity and cost. After the implementation of the ELC element, the bandwidth of antenna is increased. It, now, provides the operational bands from 2.56 to 3.68 GHz and 4.92 to 6.82 GHz. These bands cover the WiMAX frequencies 3.5/5.5 GHz as well as WLAN frequencies 5.2/5.8 GHz. Fig. 1(c) shows the prototype of the antenna after EBG loading. The EBG structures are drawn by placing together a series of periodic surfaces or patches where each patch acts as a unit cell. The shape of these patches depends upon the desired frequencies and applications. The EBG structure for the proposed model is deployed by periodically repeating rectangular metallic patch unit cells. These unit cells are printed in series on the bottom side of the substrate as shown in Fig. 1(c) . Since the periodicity of these EBG patches is very small as compared to the wavelength, they can be implemented in a limited area to improve the impedance matching and the performance of the antenna. The employment of EBG structure in this antenna enhance the impedance matching characteristics and provide a 7.7 GHz long ultra wide band from 2.72 GHz∼10.46 GHz.
Loading the antenna with EBG
The ELC and EBG loading make the antennas capable of operating at all the WIMAX and WLAN frequencies. For other applications, the EBG unit cell may be scaled in size to operate at any frequency band: larger unit cells work for lower frequencies, and vice versa.
Results and discussions
In order to support the argument that the proposed antennas are well suitable for UWB applications, we compute return loss parameters, VSWR and the radiation patterns of the proposed antennas. The experimental results verify the claim that these antennas cover both WLAN and WiMAX frequencies. The results also show that these antennas cover the most important frequency bands for wireless communication i.e. S, C and X band.
Return loss (S 11 ) parameter
In Fig. 2(a) , we show the comparison of S 11 parameters of the monopole radiator and the proposed antenna. It can be clearly observed that the bandwidth of the conventional monopole radiator is increased by the implementation of modified ELC structure; the results are further improved and UWB is achieved by implementing EBG structures. The monopole radiator operating band does not cover the frequencies 5.2, 5.5 and 5.8 GHz whereas after implementing the ELC structure, bandwidth of the monopole is increased and an additional operational band covering frequencies from 5 GHz to 6.82 GHz is achieved. The EBG structure further improves the antenna and provides UWB from 2.72 GHz to 10.46 GHz with a notch at 5.5 GHz to avoid overlapping of bands.
Radiation patterns, gain and efficiency
The radiation patterns of the proposed design in E-plane are shown in Fig. 2(b) for the mentioned resonant frequencies (3.5 GHz, 5.5 GHz and 6.5 GHz). The antennas We observe that the antenna provides improved gain and radiation efficiency for most of the frequency band.
In Table I , we compare the performance of the proposed design with the traditional monopole antenna, square monopole with rectengular ELC [5] , and metamaterial antenna based on EF coupled LC resonator [6] . We see the proposed design provides much wider frequency band and improved gain as compared to other antennas.
We also compare the size of our proposed design with other models to verify its compactness. The dimensions of the proposed antenna are 35 mm Â 35 mm Â 1 (0:318 o Â 0:318 o Â 0:01 o ) in the first band at 2.8 GHz which justifies that the antenna is compact as compared to the antennas loaded with other metamaterial structures such as the ones loaded with split ring resonators [7] or with conventional electric coupled (CELC) resonator [8] etc. The approach of using magnetic imaging to reduce the use of copper and the small size of the antenna makes it less costly and low profile.
Conclusion
In this work, we discussed two unique electrically small metamaterial antennas which are capable of covering both WIMAX (3.5 and 5.5-GHz) and WLAN (5.2 and 5.8-GHz) frequency bands. The antenna 1 was an ellipse monopole radiator with a uniquely modified ELC structure loaded on its bottom side. The implementation of this ELC structure significantly increased the bandwidth and provided the operational bands 2.56∼3.68 GHz and 4.92∼6.82 GHz. The employment of EBG structure in Antenna 2 enhanced the impedance matching characteristics and provided a 7.7 GHz long ultra wide band from 2.72 GHz∼10.46 GHz. The parametric studies show that by varying ELC and EBG parameters, the resonant frequencies of these antennas can be comfortably tuned. These antennas are compact in size and simple in structure and provide maximum efficiency, high gain and stable radiation patterns in each frequency band hence they can be employed in various modern wireless devices. 
